Alg3 of Saccharomyces cerevisiae catalyzes the mannosyl transfer from Man-P-Dol to Man 5 GlcNAc 2 -PP-Dol resulting in the formation of Man 6 GlcNAc 2 -PP-Dol, which is then further processed to the final precursor oligosaccharide Glc 3 Man 9 GlcNAc 2 for N-glycosylation of proteins. Here, we identified the alg3 gene of the mushroom-forming fungus Schizophyllum commune by homology search. Its function was confirmed by the complementation of the Δalg3 strain of S. cerevisiae. Inactivation of alg3 in S. commune resulted in the production of predominantly Man 3 GlcNAc 2 protein-linked N-glycans. No impact on growth nor a developmental phenotype due to the deletion was observed. This provides a first step toward engineering of a homogeneous, humanized N-glycosylation pattern for the production of therapeutic glycoproteins in mushrooms.
Introduction
Biosynthesis of N-linked glycans in eukaryotes involves different steps taking place in a sequential order in the endoplasmic reticulum (ER) and Golgi apparatus (reviewed by Berends, Scholtmeijer, et al. 2009 ). The steps in the ER are highly conserved across eukaryotic species. First, the glycan intermediate Glc 3 Man 9 GlcNAc 2 is assembled on the lipid carrier dolichol phosphate in the ER membrane. Enzymes encoded by asparagine-linked glycosylation (alg) genes sequentially attach the monosaccharides N-acetylglucosamine (GlcNAc), mannose (Man) or glucose (Glc). The ER-resident membrane protein Alg3 functions early in the N-glycosylation pathway (Aebi et al. 1996; Sharma et al. 2001; Henquet et al. 2008) . It catalyzes the first mannosyl transfer in the ER after the intermediate Man 5 GlcNAc 2 -PP-Dol has flipped across the ER membrane. The Man residue is attached via an α-1,3-linkage to the α-1,6-arm of the N-glycan. This results in the formation of Man 6 GlcNAc 2 -PP-Dol, which is further processed to form the oligosaccharide Glc 3 Man 9 GlcNAc 2 . This final precursor is transferred to the nascent polypeptide chain by the oligosaccharyltransferase (OST) complex at preferred N-glycosylation sites that are in a consensus sequence NXS or NXT (X represents any amino acid except proline). The N-glycan that is linked to a protein is processed in the ER by glucosidases I and II and ER mannosidase I to yield Man 8 GlcNAc 2 . The subsequent maturation phase of N-glycosylation takes place in the Golgi in a host-and-protein-specific manner.
Alg3 has been identified in other eukaryotes. The ALG3 gene has been inactivated in Arabidopsis thaliana (Henquet et al. 2008; Kajiura et al. 2010) and yeasts, such as S. cerevisiae (Sharma et al. 2001) , Pichia pastoris (Davidson et al. 2004 ) and Hansenula polymorpha (Oh et al. 2008) . ALG3 inactivation in these organisms also prevents further mannosylation of the α-1,6 arm of the N-glycan in the ER by Alg9 and Alg12. Different effects of the deletion of ALG3 on the N-glycan profile are seen in different species. This is caused by the differences in Golgi maturation reactions in these organisms. In yeasts, e.g. in the wild-type situation, the Man 8 GlcNAc 2 glycans that leave the ER are extended in the Golgi apparatus by mannosyltransferases to form high-Man or even hypermannosylated N-glycans. In the yeast Δalg3 knockout strains, Man 5 GlcNAc 2 instead of Man 8 GlcNAc 2 structures leave the ER, and therefore, Man 5 GlcNAc 2 and larger structures are produced by this mutant. Plants possess a variety of N-glycosylation maturation enzymes in the Golgi, such as GlcNAc transferases I and II, fucosyltransferases and xylosyltransferases. Their activity leads to complex-type glycans. In an ALG3 deletion line (leaky knockout) and a full ALG3 knockout of A. thaliana, therefore, in addition to Man 3-5 GlcNAc 2 also complex-type glycans and fucose-and xylose-decorated structures are produced (Henquet et al. 2008; Kajiura et al. 2010 ).
Schizophyllum commune is a homobasidiomycete. Haploid basidiospores of S. commune form a monokaryotic mycelium. Monokaryotic mycelia that have compatible mating-type loci form a fertile dikaryotic mycelium upon mating. Such dikaryons can form fruiting bodies in which sexual basidiospores are formed under the appropriate environmental conditions . A genomic and biochemical analysis of N-glycosylation in S. commune has shown that ER steps of N-glycosylation, including alg reactions involved in oligosaccharide precursor buildup on the ER membrane, occur in S. commune (Berends, Ohm, et al. 2009 ). However, S. commune and other mushroom-forming basidiomycetes lack Golgi-specific N-glycan maturation reactions, complextype glycan formation and yeast-like mannan biosynthesis. In these organisms, N-glycan processing terminates by trimming Man 8 GlcNAc 2 to Man 5 GlcNAc 2 by mannosidases (Berends, Ohm, et al. 2009) . In this study, we identified the S. commune alg3 homolog and characterized biochemically and phenotypically the knockout mutant.
Results

Identification of S. commune alg3
Sequences putatively encoding the Alg3 protein were searched for in the S. commune genome sequence ) by applying Basic Local Alignment Search Tool (BLAST), using the Alg3 protein sequence from S. cerevisiae and ALG3 from human as input queries. This search yielded a single predicted ortholog ( protein ID 51393) with an expected value of 2.06E−59. The resulting sequence was subjected to reciprocal best hit analysis, i.e. used as an input query for BLAST against the original human and S. cerevisiae database, yielding as best hits both yeast Alg3 and human ALG3. The 5′ and 3′ ends of the copy deoxyribonucleic acid (cDNA) of this gene, called alg3, were determined using GeneRacer RACE (rapid amplification of cDNA ends) and the complete cDNA was cloned by reverse transcriptase-polymerase chain reaction (PCR) and sequenced. The S. commune alg3 gene is 1506 bp long and contains five introns. It encodes a protein of 418 amino acid residues. The Alg3 protein is 35 and 39% identical to its orthologs of S. cerevisiae and human, respectively (Figure 1) .
Although Alg3 is a predicted ER membrane-bound protein, it lacks the conserved ER-retrieval signal KKXX, commonly found on membrane-bound ER proteins. Instead, it contains a C-terminal sequence HTQ. Massive parallel signature sequencing showed that the alg3 of S. commune is constitutively expressed with 26-29 transcripts per million .
The cDNA of alg3 was placed under the control of a constitutive promoter, nonfused, or fused at its C terminus to either red fluorescent protein (RFP) or green fluorescent protein (GFP). The resulting constructs were introduced in S. cerevisiae Δalg3. In yeast Δalg3 cells, lipid-linked oligosaccharides are mostly Man 5 GlcNAc 2 (Sharma et al. 2001 , Figure 2A ). In contrast, in Δalg3 cells expressing S. commune alg3, fully assembled Glc 3 Man 9 GlcNAc 2 was detected ( Figure 2B ), similar as in S. cerevisiae wild-type cells ( Figure 2C ). Complementation was further confirmed by assessing the glycosylation status of the vacuolar model glycoprotein carboxypeptidase Y (CPY). Mature CPY of wild-type yeast is N-glycosylated at four sites and migrates as a distinct band in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). In contrast, the glycosylation of CPY is severely reduced in the Δalg3 strain presumably because of a reduced transfer of truncated oligosaccharides by the yeast OST complex (Sharma et al. 2001 , Figure 3A) . Expression of the S. commune alg3 cDNA restored CPY glycosylation ( Figure 3A) . RFP-and GFP-tagged Alg3 also complemented the glycosylation of CPY. In addition, the temperature sensitive growth defect that is observed in yeast when the Δalg3 deletion is combined with a Δwbp1 mutation, an essential OST component, could also be rescued by expressing S. commune alg3 cDNA ( Figure 3B ). In this case, the underglycosylation effect is only partially restored, since Δwbp1 displays underglycosylation by itself ( Figure 3C ). It can be seen that the GFP-fusion product is as effective as the non-tagged version, and so the GFP does not disturb Alg3 function.
S. commune Alg3 localizes to the ER in yeast
The cDNA of S. commune alg3 was fused to the gene encoding RFP or GFP and introduced in S. cerevisiae, the RFP-tagged gene together with an HDEL-tagged GFP (Figure 4 ), an established ER marker, where HDEL is responsible for retaining GFP in the ER (Rossanese et al. 2001) . Localization of Alg3 with RFP or GFP are similar ( Figure 4A ). Alg3-RFP colocalized with GFP-HDEL ( Figure 4 ). This indicates that Alg3 of S. commune localizes to the ER in yeast, in line with the function of Alg3 in extending the N-glycan precursor in the ER.
Inactivation of alg3 in S. commune alg3 was inactivated in S. commune by transforming strain H4-8 with the deletion construct pDelcasAlg3. This construct carries the nourseothricin resistance marker flanked by alg3 flanking sequences to allow gene replacement at the alg3 locus. Transformants that were nourseothricin resistant (61 colonies) and phleomycin sensitive (23 of 61 colonies) were candidates to have a deletion of alg3 (see Materials and methods). These transformants were checked by PCR using primer combinations that hybridize outside the alg3 coding sequence and in the vector sequence. One of the transformants that gave a product indicative for the deletion of alg3 (unpublished data) was selected for further analysis. Sequencing of the PCR product confirmed inactivation of alg3, showing that Δalg3 monokaryons are viable. This Δalg3 H4-8 strain was crossed with the wild-type strain H4-8b to obtain Δalg3 siblings that had compatible mating-type loci. These were used to obtain dikaryons homozygous for the mutation.
N-glycans of S. commune Δalg3 knockout strain N-Glycans were analyzed from the total protein fraction that had been isolated from the monokaryotic mycelium and from fruiting bodies (Table I) . Table I indicates averages and standard deviations of three biological replicates. The masses in the N-glycan fraction of the wild-type strain corresponded to Hex 5 GlcNAc 2 , up to Hex 8 GlcNAc 2 as reported previously E Berends et al. (Berends, Ohm, et al. 2009 ). In the Δalg3 mutant, smaller N-glycans were observed. Supported by the homology of the N-glycan machinery to other eukaryotes and H-NMR proof that Hex 5 GlcNAc 2 in wild-type S. commune represents Man 5 GlcNAc 2 (Berends, Ohm, et al. 2009) , it is assumed that Hex 3 GlcNAc 2 represents Man 3 GlcNAc 2 . The latter was the most prominent structure, representing almost 52% of the N-glycans in the monokaryotic mycelium. In addition, smaller amounts of Hex 4 GlcNAc 2 -Hex 8 GlcNAc 2 were observed. In dikaryotic fruiting bodies, a similar profile was observed, the fraction of Man 3 GlcNAc 2 (71.2%) being even higher compared with the monokaryotic mycelium.
Growth and development are not affected in Δalg3 S. commune strains Mono-and dikaryotic Δalg3 strains did not show a significant growth reduction on the minimal medium (MM) nor on the wood as shown by dry weight and ergosterol measurements (Table II) . Also the hyphal branching rate of monokaryotic hyphae was similar (Supplementary data, Figure S1 ). No differences are observed in the secreted protein profiles when analyzed by SDS-PAGE (data not shown). The Δalg3 dikaryons also produced fruiting bodies and viable spores, with germination efficiencies indistinguishable from wild type (unpublished data).
Discussion
In this study, the S. commune alg3 gene was identified. It functionally complemented the Δalg3 strain of S. cerevisiae and localized to the ER of the yeast. Alg3 of S. commune lacks the common ER retrieval signal KKXX for membrane proteins in mammalian cells and yeast. Instead, it has a C-terminal HTQ sequence. Whether this motif is indeed responsible and Fig. 1 . Alignment of Alg3 from S. commune, human and S. cerevisiae. Asterisk, fully conserved residue; colon, conservation between groups of strongly similar properties; dot, conservation between groups of weakly similar properties.
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sufficient for targeting of alg3 to the ER remains to be determined. Nevertheless, the non-conventional ER-retention signal that is used in Alg3 by S. commune is effective in S. cerevisiae as well. Inactivation of alg3 in S. commune did not show effects on growth, mushroom formation and protein secretion. Apparently, alg3 is not essential for growth and development of this basidiomycete under the conditions tested. Deletion of alg3 in S. commune did result in an altered N-glycosylation pattern. Wild-type S. commune produces Man 5-9 GlcNAc 2 N-glycans (Berends, Ohm, et al. 2009 ). The smallest N-glycan species detected in the Δalg3 mutant strain was Man 3 GlcNAc 2 , which represented up to 71.2% of the protein-linked N-glycans in fruiting bodies. The remaining N-glycans were Hex 4-8 GlcNAc 2 . The Hex 6-8 GlcNAc 2 intermediates were not further investigated but could represent the mono-, di-and triglucosylated ER-type N-glycans, since N-glycans were from both intracellular and extracellular origins.
ALG3 and the other proteins that are involved in buildup of the oligosaccharide precursor are highly conserved in eukaryotes. The Mans attached by ALG3, ALG9 and ALG12 have been suggested to play an important role in ER protein quality control (Spiro 2004) . However, in line with the lack of the growth phenotype in Δalg3 plants (Henquet et al. 2008; Kajiura et al. 2010 ) and yeast (Sharma et al. 2001) , no growth phenotype is observed under the conditions applied. Nevertheless, under certain conditions, alg3 could indeed be necessary for viability, as exemplified by the observed restoration of the growth defect by the expression of S. commune alg3 in the yeast Δalg3Δwbp1 mutant.
The formation of mainly Man 3 GlcNAc 2 upon the deletion of the alg3 gene seems unique to S. commune. Yeast Δalg3 strains accumulate Man 5 GlcNAc 2 and larger structures. Plants with either full or partial knockout of ALG3 produce complextype and fucose-and xylose-decorated N-glycans next to Man 3-5 GlcNAc 2 . Whereas S. commune produces the core Man 3 GlcNAc 2 glycan structure simply by the inactivation of alg3, in yeasts Man 3 GlcNAc 2 can only be produced on proteins when the deletion of ALG3 is combined with the deletion of OCH1, which initiates outer chain elongation in yeasts and overexpression of an α-1,2-mannosidase I to trim the Man 5 GlcNAc 2 structure to Man 3 GlcNAc 2 . Similar to S. commune, also yeasts have no severe phenotype upon the deletion of ALG3. However, the deletion of OCH1 activity in yeasts does induce phenotypic effects, such as reduced growth and temperature sensitivity (Davidson et al. 2004; Ohashi et al. 2010) . In plants, a modified Man 3 GlcNAc 2 structure can be produced on expressed proteins by targeting the protein to storage vacuoles (Shaaltiel et al. 2007) . In this way, human glucocerebrosidase was produced in carrot cells. The N-glycans were of the complex type with plant-specific core α-1,2-xylose and core α-1,3-fucose residues (Shaaltiel et al. 2007 ).
The S. commune phenotype is of interest from an applied point of view. The Man 3 GlcNAc 2 structure may be interesting for some therapeutic glycoproteins (such as enzymes used to treat lysosomal storage diseases; Grabowski et al. 1995) . Moreover, Man 3 GlcNAc 2 is a basic N-glycan from which other human N-glycans can be produced. As mentioned above, up to 71.2% of N-glycans is Man 3 GlcNAc 2 in a Δalg3 strain of S. commune. The highest fraction of Man 3 GlcNAc 2 is obtained in the fruiting bodies. Further steps toward the humanization of S. commune glycosylation include the introduction of GlcNAc-transferase genes and other complextype glycan modifying enzymes.
Materials and methods
Culture conditions and strains
Yeast strain Δalg3 (MATα ade2 his 3 ura3 tyr1 Δalg3:: HIS3) was grown in YEPD (1% Bacto yeast extract, 2% Bacto peptone and 2% dextrose) or YNBD (0.67% yeast nitrogen base and 2% dextrose) supplemented with amino acids and nucleotides as required (Knauer and Lehle 1999) . Schizophyllum commune H4-8 (FGSC #9210; Ohashi et al. 2010 ) and its isogenic compatible strain H4-8b were routinely grown from a point inoculum at 25°C in the light on MM (van Peer et al. 2009 ) with 1% Glc and 1.5% agar. 
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cDNA cloning For the determination of alg3 cDNA ends GeneRacer RACE (Invitrogen) was used according to the manufacturer's protocol with the gene-specific primers 1-4 (Supplementary data, Table S1 ). The coding sequence of alg3 with HindIII and BamHI restriction sites at its 5′ and 3′ ends, respectively, was amplified by PCR using alg3 cDNA as a template and primers 5-7 (Supplementary data, Table S1 ). The PCR product was ligated into vectors pVT100, pVT100-GFP and pVT100-RFP that had been cut with HindIII and BamHI. In all cases, alg3 was placed under control of the constitutive ADH1 promoter. The constructs were sequenced and the functional expression of Alg3 or its fusion products containing the GFP or RFP reporter at the C terminus were verified by immunoblotting or complementation of the glycosylation defect of the Δalg3 strain.
Deletion construct Schizophyllum commune alg3 was deleted using vector pDelcas (Ohm, de Jong, Berends, et al. 2010) . Upstream and downstream flanks were amplified by PCR using Phusion polymerase (Finnzymes, Finland) and S. commune H4-8 chromosomal DNA as a template. The 1479-bp upstream flank of alg3 was amplified with primers 8 and 9 (Supplementary data, Table S1 ) and the 1236-bp downstream flank with primers 10 and 11 (Supplementary data, Table S1 ). These flanks were cloned into the SmaI site of pUC19, resulting in plasmids pUC19alg3uf and pUC19alg3df, respectively. The upstream flank was excised from pUC19alg3uf using SfiI and introduced in the Van91I site of pDelcas, resulting in pDelcasAlg3uf. The downstream flank was excised from pUC19alg3df using SfiI and cloned into pDelcasAlg3uf that had been cut with SfiI. This resulted in the gene deletion construct pDelcasAlg3.
Transformation and selection
The monokaryotic strain H4-8 was transformed as described (van Peer et al. 2009 ). Twenty micrograms of deletion construct was incubated with 5 × 10 7 protoplasts. After regeneration overnight in MM without antibiotic, transformants were selected on plates containing 8 μg mL −1 nourseothricin. Nourseothricin resistant colonies were screened on plates containing 25 μg mL −1 phleomycin. Nourseothricin-resistant but phleomycin-sensitive transformants are potential deletion strains, whereas nourseothricin and phleomycin resistant strains are the result of a single crossover event. The presence of the integration product was checked with primers 12 and 13 and the absence of the genomic copy of alg3 was checked with alg3 internal primers 14 and 15 (Supplementary data, Table S1 ).
The selected Δalg3 strain was crossed with H4-8b. After 10 days of growth, spores were collected and plated on complete medium [Glc 20 g/L, MgSO 4 2 mM, KH 2 PO 4 3.4 mM, K 2 HPO 4 5.7 mM, peptone 2 g/L, yeast extract 2 g/L, 1.5% (wt/vol) agar]. Spores were selected on nourseothricin and crossed with H4-8 to select a strain with mating-type loci identical to that of H4-8b.
Phenotypic analysis
Growth on MM was assessed by growing as described in culture conditions and strains. For ergosterol measurements, S. commune was inoculated in 35 mm diameter wells of a 12-well plate. To this end, wood powder (150 mg/well) was sterilized and 300 µL production medium [MM minus Glc and L-asparagine, supplemented with 10 mM (NH 4 ) 2 SO 4 and KH 2 PO 4 13.6 mM, K 2 HPO 4 22.8 mM, pH 7; Scholtmeijer et al. 2002] was added. After overnight incubation at 37°C, S. commune was inoculated and grown for 14 days. The colonized wood was harvested by centrifugation and ergosterol was extracted according to the alkaline ergosterol extraction method described before (De Ridder-Duine et al. 2006) . The ergosterol was quantified by high-pressure liquid chromatography as described (De Ridder-Duine et al. 2006 ). Monokaryotic and dikaryotic mycelia were grown on MM plates on the top of a cellulose membrane or on wood. In the former case, dry weight was measured after 6 days of growth at 25°C (dikaryon) or 30°C (monokaryon). In the latter case, strains were grown for 14 days, after which ergosterol concentration was measured. In all cases, no significant differences in growth were observed.
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Analysis of lipid-linked oligosaccharides with [2-
3 H]Man Composition of lipid-linked oligosaccharides was determined as described previously (Knauer and Lehle 1999) .
Analysis of glycosylation of CPY
Yeast cells were grown in YNBD at 30°C to mid log phase, harvested and lysed with glass beads as described previously (Knauer and Lehle 1999) . The homogenate was centrifuged at 48,000 × g for 30 min and the supernatant was subjected to SDS-PAGE (8% gel), blotted to nitrocellulose and incubated with anti-CPY antiserum as described (Knauer and Lehle 1999) .
N-glycan analysis Monokaryotic mycelium and fruiting bodies were used for N-glycan analysis. To this end, the monokaryotic mycelium and the fruiting dikaryotic mycelium were grown in triplicate. Proteins for N-glycan purification were extracted from 100 mg of tissue and digested with pepsin. Bound N-glycans were released by peptide N-glycanase F (NEB) and purified as described previously (Berends, Ohm, et al. 2009) . Purified N-glycans were dissolved in 5 mM NaAc and mixed with an equal volume of 1% 2,5-dihydroxybenzoic acid in 50% acetonitrile. One microliter aliquots were spotted in duplo onto a stainless steel sample plate and dried under a stream of air at room temperature. Positive-ion matrix-assisted laser diffraction and ionization-time of flight spectra of [M + Na] + adducts were recorded on an Ultraflex mass spectrometer (Bruker) fitted with delayed extraction and a nitrogen laser (337 nm). A maltodextrin series was used as an external molecular weight standard. Spectra were generated from the sum of at least 300 laser pulses. The duplicate measurements were averaged.
Accession numbers
Sequence data from this article can be found in the GenBank/ European Molecular Biology Laboratory databases under the following accession numbers: EFJ00286.1 (S. commune ALG3), AAA75352 (yeast Alg3) and CR616285 (human ALG3).
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